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ABSTRACT 
The performance of hybrid solar cells is strongly affected by the device morphology. In this work we 
demonstrate a Poly(3-hexylthiophene-2,5-diyl)/TiO2 hybrid solar cell where the TiO2 photoanode comprises 
an array of tree-like hyperbranched quasi-1D nanostructures self-assembled from the gas phase. This 
advanced architecture enables us to increase the power conversion efficiency to over 1%, doubling the 
efficiency with respect to state of the art devices employing standard mesoporous titania photoanodes. This 
improvement is attributed to several peculiar features of this array of nanostructures: high interfacial area; 
increased optical density thanks to the enhanced light scattering; and enhanced crystallization of Poly(3-
hexylthiophene-2,5-diyl) inside the quasi-1D nanostructure. 
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 Hybrid solar energy devices (HSC) comprise a high band-gap n-type metal oxide nanostructure, commonly 
TiO2, and a light absorbing conjugated polymer functioning as hole-transporting material.
1-3
 Upon light 
illumination, photo-induced excitons are generated in the organic material and charge separation takes place at 
the organic-inorganic interface where electrons are injected into the inorganic semiconductor.
4,5
 The 
morphology of the active layer strongly affects the performance of hybrid devices, thus proper engineering of 
the organic-inorganic heterojunction remains a key issue in developing hybrid solar cells.
6-8
 The key features for 
an efficient device are: (i) high interfacial area between the acceptor and the donor materials in order to increase 
the active area for charge separation; (ii) continuous pathways for the separated charges in order for them to 
reach the electrodes and avoid recombination in lattice traps and defects; (iii) organic domains with dimensions 
not exceeding in size the exciton diffusion length which is in the order of 5-20 nm.  The most common 
approach
9,10
 consists in blending inorganic nanocrystals with an organic conjugated polymer. Despite this 
simple method, which achieves a high interfacial area, it presents issues related to blend inhomogeneity and 
instability of the mixture, which over time leads to a disordered matrix with little control over the polymer 
domain size. While efficient charge separation is eased by a large interfacial area, exciton migration to the 
interface is hampered by large polymer domains and charge collection  is prevented by the random blend 
network. HSC based on the TiO2/Poly(3-hexylthiophene-2,5-diyl) (i.e. TiO2/P3HT) blend have not been able to 
reach a power conversion efficiency higher than 0.5%.
11
  An alternative solution is to use one dimensional 




 that provide preferential carrier pathways, thus reducing 
charge recombination.
14,15
 A further advantage of 1D structures is the potential for increasing polymer 
crystallinity by enhancing alignment of P3HT chains along their structures. As demonstrated by K.M Coakley et 
al., a 20 fold increase in hole mobility can be achieved in crystallized P3HT molecules infiltrated in ordered 
nanotubes.
16
 A power conversion efficiency of close to 1% has been achieved,
17
 but the modest specific surface 
area has kept this approach far away from the ideal structure. An different approach to induce ordering of the 
polymer at the interface with TiO2 is the use of molecular interlayers, as reported by some of the co-authors of 
this work 
18
 increasing power conversion efficiency from 0.37% to 0.95%. While a comparative table is 
provided in the Supporting Information, a complete review on the performances of different hybrid devices can 
be found in the literature. 
19 
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Figure 1. Crystalline hyperbranched TiO2 deposited at 7 Pa Oxygen pressure; a) cross-sectional view; b) tilted 
view showing both cross-section and top surface of the hyperbranched nanostructures. Scale bar: 100 nm. 
In our previous work,
20
 hierarchical TiO2 nanostructures were modelled by high-angle annular dark field 
scanning transmission electron microscopy (HAADF-STEM) tomography to gain insight into their 3D structure. 
Monotonic connectivity, defined as the ratio of the titanium dioxide in contact with the electrodes through a 
decreasing path length, was found to be 0.89 when considering the bottom electrode versus 0.69 when 
considering the top contact. Such geometrical asymmetry in the titanium dioxide structures is thought to favour 
electron transport toward the anode, reducing the recombination rate of photo-generated charges. Geometrical 
tortuosity of the hierarchical structure, defined as the ratio between the length of the shortest charge collection 
path divided by the orthogonal distance along the z-axis, was also analysed. The average values were found to 
be 1.466 and 1.559 toward the anode and in the opposite direction respectively (comparable to literature values 
ranging from 1.0 to 2.0).
21,22
 These values are also the evidence that the directional morphology of these 
structures is facilitating electron transport toward the anode. Further analysis in the presence of infiltrated P3HT 
showed that over 75% of the polymer volume is within 8.5 nm of the interface crucial for a high rate of exciton 
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 collection. A prototype non-optimized hybrid solar cell with an efficiency of 0.66% was reported as an example. 
The optimization of the pulsed laser deposition allowed for the fabrication of a complex film morphology 
comprising an array of quasi-1D hyperbranced nanostructures with high specific surface area and directional 
porosity along the film thickness. This nano-architecture, previously shown to work as an efficient photoanode 
in liquid and solid DSSC,
23,24
 indeed presents an interconnected network with open channels and high specific 
surface area. Quasi-1D hyperbranched nanostructures, thanks to their size being in the range of the wavelength 
of visible light, act as integrated Mie scattering elements diffusing the transmitted light and enhancing the 
device optical thickness eventually improving light absorption and photogenerated current (as reported in other 
works).
25
 For the fabrication of such nanostructures, pulsed laser deposition is performed inside a vacuum 
chamber in presence of a background gas. In a certain range of deposition parameters multidirectional cluster 
scattering is induced so that an array of quasi-1D hierarchical nanostructures grows directly from the gas phase 
perpendicular to the substrate. The film thickness is a function of laser energy and increases linearly with 
deposition time. The film porosity, specific surface area and pore diameter characteristics of the nanostructures 
are a function of the deposition pressure and annealing temperature. The as deposited films are amorphous and 
are typically annealed at 500
o
C for 2 hours in air to achieve the anatase crystalline phase. This allotropic phase 
is well known to optimize charge injection and transport as well as the maximal specific surface area 
requirements. As reported in previous publications, film possessing at a given density, upon thermal treatment, 
shows preferential crystal growth along the [004] direction forming hyperbranched nanostructures, sometimes 
referred to as nanotrees.
24, 26
 Through TEM and X-Ray diffraction analysis it was demonstrated that among the 
annealed samples deposited at different pressures, those deposited at an O2 pressure of 7 Pa were optimal for 
obtaining a hyperbranched structure with a crystal domain size of several tens of nanometers along the c 
direction [004].
24
 An example of the hyperbranched assembly is presented in Figure 1. Here we show how 
optimized quasi-1D hyperbranched nanostructure self-assembled from the gas phase by PLD (deposited in 7 Pa 
of O2) enhances the photovoltaic performance in hybrid organic solar cells when compared to standard 
mesoporous/P3HT devices (see methods in Supporting Information for details on material and device 
fabrication and characterization). In order to be consistent with the above mentioned published work,
18
 we used 
the optimized reference architecture found there as a benchmark throughout this study. In HSCs, the 
morphology of the nanostructured photoanode must comprise pores sufficiently large and interconnected to 
allow continuous polymer infiltration and, at the same time, polymer domains smaller than the exciton diffusion 
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 length to impede exciton recombination. Using Brunauer-Emmett-Teller (BET) technique, it was shown that a 
low deposition pressure resulted in a low porosity (high density) and low specific surface area film, while a high 
deposition pressure resulted in a high porosity (low density) and high specific surface area.
24
 It should be noted 
that for a photoanode composed of hyperbranched structures, the polymer must infiltrate into a complex 
hierarchical void path. While nanometric voids (spaces between braches) fulfil the dimensional requirements 
imposed by the exciton diffusion length, in the case of films with excessive porosity the micrometric channels 
among 1D hyperbranched nanostructures are thought to be responsible for polymer accumulation in domains big 
enough (>50 nm)  to hamper exciton diffusion and thus charge separation.
27
 In Figure S1 in the Supporting 
Information, the optical transmittance for the films with different porosities infiltrated with P3HT is reported to 
demonstrate that a larger amount of infiltrated polymer is present in the more porous structures (i.e. lower 
transmittance). The effect of film thickness is investigated on films ranging from 0.1 to 2 µm showing the best 
results for an 800 nm thick film (Figure S2) and it is compared to the average and maximum performance of 
control devices comprising a nanoparticle-based photoanode., fabricated following the protocol reported in 
previous work.
18
  The number of charge recombination sites is increased in thinner film by polymer 
accumulation and in the case of thicker films by the excessive length of the electron path. Indeed, the series 
resistance is found to be minimized for 800 nm thick samples deposited at 7 Pa, while increases for both thinner 
and thicker devices can be seen in Figure S3 in the electronic Supporting Information. 
 
Figure 2. Performance comparison between devices comprising hyperbranched photoanode and standard 
mesoporous photoanode. 
Page 5 of 13
ACS Paragon Plus Environment





























































 For devices based on the hyperbranched photoanode (h-PA) an average power conversion efficiency of 0.8%, 
exceeding 1% for the best device, is recorded. Performance of the optimized h-PA devices, are compared with a 
standard mesoporous structure prepared using a titanium dioxide nanoparticle paste mixed with the same 
polymer. The J-V curves of champion devices can be found in Figure 2 where a greater than 2 fold increase in 
performance (PCE=1% and PCE=0.34% for the h-PA device and the standard device respectively) mainly due 
to the enhancement in photo-generated current (2.7 mA/cm
2
 and 1.15 mA/cm
2
 for the h-PA device and the 
standard device respectively) is reported. This 130% current density improvement is in the first instance 
attributed to light scattering in the hyperbranced nanostructure increasing the device optical thickness and 
enhancing its light-harvesting efficiency. The optical characterization of the devices was performed both on 
crystalline mesoporous and hyperbranched optimized photoanodes before and after P3HT infiltration. Figure S4 
shows a schematic illustration of the comparison between the mesoporous structure (a) and the hierarchical 
nanostructure (b). 
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 Figure 3. Optical characterization curves for the optimized h-PA device (red) in comparison to standard 
mesoporous structure (black): a) diffused transmittance b) absorptance of TiO2/P3HT. 
While the total transmittance and the haze factor can be found in electronic Supporting Information (Figure S5), 
Figures 3a shows the diffuse transmittance curves for both structures, with and without P3HT. The 
hyperbranced photoanode, in comparison to the one with standard nanoparticles, shows significantly higher 
diffuse transmittance indicating higher light scattering. This behaviour can be explained by the fact that h-PAs 
are composed of arrays of nanotrees with a characteristic longitudinal size of the same order of magnitude as the 
incident light.  Acting as scattering elements, these structures enhance the photoanode optical thickness, 
increasing the photon interaction with the photoactive layer therefore enhancing the PCE. As can be seen in 
Figure 3a, scattering increases in the spectral range around 450 nm, which is the wavelength for which the 
characteristic size of quasi 1D hyperbranched nanostructure presents a higher scattering cross-section. In Figure 
3b absorptance curves are presented showing an increase of optical density for a hyperbranched structure when 
compared to standard mesoporous nanoparticles. Over the visible range an average absorptance increase of 
+60% in the h-PA devices can be observed in comparison with a standard nanoparticle-based device. The 
absorbance curve of P3HT over the hyperbranched nanostructure differs from that of the mesoporous paste. If 
normalized (Figure S6), it becomes evident that for the h-PA device an increase in the 380-430 nm range arises 
as a consequence of the strong scattering that characterizes this spectral region. Interestingly, a higher relative 
intensity for wavelengths around 630 nm is also observed. The latter phenomenon could be ascribed to a more 
intense vibronic structure resulting from a higher molecular order in the polymer 
28,29
 when infiltrated into the 
quasi 1D nanostructure rather than into the mesoporous film. In order to further study the effect of the inorganic 
scaffold on polymer crystallinity, X-ray diffraction is used and results are reported in Figure 4a. The analysis 
has been performed on scaffolds with and without the polymer capping layer (SEM images of the cross sections 
of these samples are reported in Figure S7 in the Supporting Information). In the presence of a capping layer the 
strong peak at 2θ= 5.4°, related to the (100) plane of crystalline P3HT, is present despite the nature of the 
scaffold. On the other hand, when the polymer is only present in the oxide scaffold, only the 1D hyperbranched 
structures show crystalline phases. To relate this structural information to the operation of the solar cell we have 
performed time-resolved pump probe on a time window of hundreds of nanoseconds, when long living charge 
carriers represent the main photo-excited population. Differential Absorption spectra integrated in the first 500 
ns upon excitation at 500 nm for the P3HT/Trees (red) and P3HT/Paste (black) samples are displayed in Figure 
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 4b. The spectra reveal a negative signal in the 450-620 nm region that is due to P3HT photobleaching (PB) in 
good agreement with the absorption spectrum. The PB band at this timescale is related to charges. The polymer 
deposited on the h-PA photoanode shows a much more resolved structure of the photobleaching with a high 
relative intensity of the vibronic peaks.
30
 On the other hand, the P3HT infiltrated into TiO2 paste shows a blue-
shifted absorption and a less pronounced vibronic structure.  As it is well known that these optical features are 
correlated to specific morphological characteristics of the conjugated polymer - i.e. to crystalline phases in the 
first case, disordered/amorphous phases in the latter- we can conclude that in presence of 1-D hyperbranched 
nanostructures, photocarriers are mainly moving along ordered crystalline structures that can sustain higher 
carrier mobility and lower recombination processes at the interface.
30,31
 Moreover, considering that in a 
complete device structure the polymer capping layer over the scaffold tends to reach a higher level of order 
(thus a smaller band-gap), independently of the nature  of the  layer underneath, the possibility of also achieving 
a long range order  in the bulk reduces the degree of energetic disorder in the device which would affect the 
harvesting of photogenerated excitons away from the interface and the collection of carriers. 
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 Figure 4. Evidence for P3HT crystallinity. Hyperbranched structures (red) and mesoporous nanoparticle paste 
(black) a) XRD spectra of the films with P3HT capping layer (dashed line) and without P3HT capping layer 
(solid line) and b) nanosecond transient absorption. 
In this work, we demonstrated the fabrication of a quasi-1 D hyperbranched nanostructure of TiO2, self-
assembled from the gas phase by means of pulsed laser deposition and its successful application as a 
photoanode in hybrid organic-inorganic solar cells. Self-assembled quasi 1D hyperbranched nanostructures were 
coupled with P3HT in a hybrid solar cell. A power conversion efficiency of 1% was achieved. Such a result 
originates from an increase in photogenerated current as a consequence of the higher optical thickness of h-PA 
devices induced by strong light scattering. Moreover, devices comprising quasi 1D hyperbranched 
nanostructures could also benefit from fast electron transport, high interfacial area between the polymeric and 
inorganic phases, and from P3HT molecular ordering.   
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